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INVESTIGATION OF SHOCKS AT HIGH TEMPERATURES 
SUMMARY 


This investigation was conducted to verify and ex-~ 
plain, if possible, the increase in total temperature found 
in shock diamonds as discovered by previous investigators$+) (2) 

This report was limited to the burning of kerosene-air 
and hydrogen-air combustion mixtures, at pressure ratios 
from 1.6 to 3.0 and burner temperatures from 200°F to 1450°F, 
All total temperatures were recerded by chromel-alumel 
thermocouples; total and static pressures were measured by 
pitot and pitotestatic tubes. 

An increase in total temperature was found to exist in 
shock diamonds when burning a combustion mixture of kerosene 
and air, When a combustion mixture of hydrogen and air was 
burned, no increase in total temperature was detected. 

These results indicate that the afterburning of carbon 
monoxide is the most plausible explanation of the shock 
diamond phenomenon and that further investigation of this 
theory should definitely be conducted. Incomplete combustion 


and ionization are possible but not probable causes, 


INVESTIGATION OF SHOCKS AT HIGH TEMPERATURES 


INTRODUCTION 

When a gas flows through an orifice or parallel-walled 
nozzle under a pressure ratio greater than that needed to 
produce sonic velocity, the sudden adjustment of the gas 
pressure to the lower back pressure produces a variety of 
angle shock patterns, (1) When these shock patterns or "dia- 
monds" occur in high temperature products of combustion, it 
has been found, through the investigations of Bailey(1) and 
Bundy (2), that a definite total temperature rise occurs in 
the so-called shock diamonds, Bailey has reported excess 
temperatures in the first shock diamond of 200 to 300 degrees 
greater than burner temperature, burning a mixture of propane 
and air at a pressure ratio of 3.75. The report also indicated 
that the amount of excess temperature varied as the strength 
of the compression shock, but appeared to be independent of 
burner temperature. Essentially the same results were ob- 
tained for carbon monoxide-air and kerosene-air mixtures. 

Bundy has reported total temperature increases in shock 
diamonds on the order of @150 degecesymrurning alcosod, and 
oxmyeen at &@ pressure ra@lo Of 225 andeburmer tTempecramure yor 
3000°K, However, he reported that exhaust gas temperatures 
have never exceeded burner tenperatures. The temperature 
increase was calculated from observed temperature in the 


gas stream before and after shock. 


The above investigations concerning this phenomenon 


are the only ones known to have been conducted to date, 


Tae purpose of this report is to investigate the 
results found by Bailey and Bundy and if subdstantiated by 
experiment, to explain the phenomenon theoretically assisted 
by experimental results. This report will be limited to the 
tomperature increases reported in shock diamonds. 

This project was conducted during the period January 
to June 1948 at the Rensselaer Polytechnic Institute, Troy, 


New York. 


BQU IPMENT 


Equipment consisted essentially of the following: 

2" diameter burner, burner extension, air metering device, 
vVoltaee regulator tor japari Wemition, fucl pump, fucilvacaucy 
straight tube and U tube mercury manometers, thermocouples, 
static and total pressure tubes, potentiometer, burner ex- 
tension orifice caps and air compressor, A photograph of 
assembled apparatus is shown on plates I and II, A schematic 
sketch is shown on platc V. 

Burner and burner liner are shown on plate III. The 
burner, stecl, 2" in diameter and 8" in length, had provisions 
for spark plug installation and air and fuel supply as shown. 
The burner liner (plate III) 1/32" inconel, was conical in 
shape, perforated, and threaded at after end at which point 
it was secured to the burner fucl nozzle tip. (plate III) 

Burner extension (plate III and IV) consisted of a 63" 
by 2" steel pipe, attached to the burner by a steel coupling. 
The outer end was threaded to accommodate orifice caps. Thermo- 
couple and pressure taps were provided as shown on plate III. 
Overall length of burner and burner extension was 15", 
measured from air inlet to orifice, 

Air metering device was of conventional type, consisting 
of a 3/4" metering nozzle, Voltage regulator for spark igni- 
tion consisted of a powerstat, (type 116, PRI. V. 115, max. 
output 7.5 A.) and an ignition transfa mor (type 638-171, 
Jefferson Electric Co., Bellwood, I11.) Fuel supply was com= 


posed of fuel tank, and conventional centrifugal pump (max. 


pressure 100 Gbse per sq, inv). dPivensryea 12> vol 

Gore ral Electric Motor. Fuel pressure (kerosene) was 
measured by conventional bourdon gauge. All of the above 
parts are shown on plates I and II, 

Various sizes of nozzle fuel tips were used of standard 
commercial type. In constr tion they were identical with 
industrial tips, except for threading of the forward end to 
recesiic tmesburncr kummer, Sizes usedewere,@avo, 1ye0, Ico, 
1.50, 1.65 and 2.5, all gallons per hour. Whale tmgaadiae 
hydrogen, a conventional gas burner tip was used, the latter 
being supplied by industrial type hydrogen cylinder. Fucl 
tips of gas and liquid types are shown on plate III. 

Straight tubo mercury manometers (2) were of the con- 
ventional type, capable of reading 60" Hg gage. Conventional 
U tube mercury manomecters were used, capable of 30" Hg 
differential pressure, All temperature measurements were mate 
with 1/8" unshielded, chromel-alumel thermocouples (plateIII). 
A Leeds and Northrup Potentiometer Indicator was used to re- 
cord the thermocouple voltages. Four burner extension orifice 
caps were provided (plate IV). They consisted of standard 
2" brass pipe caps, each having a different size orifice. 
QMRNGe siges (dtanetes) wero 44"3 45"; 46", ande.7", Outside 
and inside surfaces were finished, the latter surface had a 
11° tapcr toward the center. Taper cxtended to within 1/8" 
of orifice, the remaining 1/8" tip was 1/32" thick. 

Total pressure was measured with a stecl pitot tube 
(plate IV), 3/4" in length, .100" outside diameter and .046" 


inside diamcter. Static pressure was measured with a steel 


De 


Biot static fubo (plate TV), ie" tm Vength, .100" eitsiide 
diameter. Pressure tap, .040" in diameter, was located 3/4" 
aft of leading cdge, Air supply was obtained by a Schramm 
Air Compressor, Model 210, rated capacity 206 cubic fcet of 
free air per minute, driven by a 50 HP. Westinghouse Induc- 
tion Motor. 

Thermocouple and pressure tubes were held firmly in the 
gas strcam by a sliding plate arrangement which provided free- 
dom of motion in threc plancs. sliding plates were scribed 
in .025" increments, This apparatus is shown on plate II, 

Instrumentation location is shown on platc V. Static 
pressure P, was measured by straight tube mercury manometer, 
Pit and P2 were connected to U tube mcramary manometer, as 
were Ph and P3. Pa and Po4, pressures in the exhaust flow 
were measured by a second straight tube mercury manometcr,. 
To2, To3 and To4 were obtaincd by means of thermocouples. 
Total and static pressure tubes were placed in the cxhaust 
gas stream in the same manner as shown for thermocouple. 

Combustion mixtures consisted of kcroscne-air and hy- 


drogen-air. 


PROCEDURE 


Experimoental runs were made using various pressure 
ratios, (P3/pq) and various burner temperatures (To3). Prossure 
(P1) was varicd to obtain desired Pg and thus P3/fas uch 
pressurc was then varicd until desired burner tempcorature (To3) 
cxisted, Actually since Pg and To3 are dependert on each 
other, it was necessary to vary both simultancously to obtain 
desired conditions, Tomperature traverses (To4), in long- 
itudinal plane only, were then taken each .100" mcasuring out 
from ommrcce., Tae pocitwon of the highest temperature in 
the @ea@eumeam didemotl cerrespend to the center of Hac onmitice 
as had been expected. Thus it was first necessary to traverse 
the e@iiice arca to dcetcormine position of greatest tempcrature 
and then traversc longitudinally. ‘this position was checked 
each 2.50" and corrected if nocessary. However, the variation 
over the 2.0" length traversed was slight. Total and static 
pressure traverses were madc in the same manner. 

In addition to varying the fuel and air pressure, it was 
necessary to vary the fucl nozzle tip size and the orifice 
size, in order to cover the range of burner temperatures and 
pressure ratios desired. A small amount of supply air was 

continuously bled off. This insured a steady air supply as 
then thc compressor ran continuously. However, duc to the 
combustion, fluxations cxistod in the air supply pressure (F}) 
of 4 1/2" Hg. Burner tompcrature was held constant insofar 


as possible. During some runs, the burner approeshed 


‘ 
1% 
instability resulting #n burner tomporatu®e fluxuations. 
However, during all runs, the variations were held within 
the expected cxpcrimental accuracy. 
Fucl pressure was varied from 30 lbs. per sq. in. to 
100 lbs. per sq. in. Air pressure (P]) was varicd to give a 
range of pressure ratios (P 3/Pg) from 3.0 to 1.6. The cx- 
pected amount of difficulty was encountered in spark ignition 
and maintcnance of thermocouples, Duc to prolonged operation 
at high temperatures (1500° F) it was necessary to replace 


two burncr liners, 


Be 


DISCUSSION 
I, Possible Theories to Explain Total Temperature Increases 
in Shock Diamonds, 
A. Incomplete Burning 
It is quite possible to account for increased 
total temperature in a shock diamond @f burning is 
not complete in the burner. Unburned carbon would 
combine with the oxygen in the exhaust gas stream 
and produce additional heat. This burning of carbon 
would be accentuated in regions of high pressure, e.g. 
in the shock diamonds, causing the total temperature 
to increase above that noted for regions of lower presmre, 
However, all possible precautions were taken to 
realize complete combustion. Different size burner 
extensions were tested durirg which tests, cross sec- 
tional temperature traverses of the burner proper and 
burner extension were made. The length of the burner 
extension was increased until maximum burner extension 
temperature was lower than the maximum burner tempera- 
ture. This was considered at least an indication of 
complete burnirg, Throughout all runs, thermocouple 
readings indicated a temperature drop in the burner 


extension, 


DISCUSSION (Continued) 


Incomplete combustion, as defined in this 
report, means the combustion of the original 
hydrocarbons in the exhaust stream. No heat 
balance was attempted as the calculation of 
exact burner temperature was considered highly 
difficult, if not impossible. Assuming correct 
burner temperature, other variables involved make 


obtained results highly uncertain. 


| 1uOe 
B. TIonization 


lt is possible that the violemt dcccleration of 
the hot gases in the shock could produce such a 
high concentration of ions that their bombardment 
and ncutralization at the thermocouple metal surface 
could cause the metal to reach a very high tempecra- 
ture before energy cquilibrium is reached. 

The cxact mechanism of the formation of ions 
due to this deccleration is vague and unknown. A 
pesetble eoxplanation could involve the coliMsiton 
of the molecules at the shock front. That is, the 
high velocity molccules colliding with those mole- 
cules which have bcon groatly dc-acccleratcd at the 
smock (Ponte However, it is assumed that for 
Comiucwon Of Molecules of comparablc mass, mere is 
a greater chance of the excitation of one of the 
mowecules) Gowan cBectronize state in muir the 
nuclear separation is different from the initial 
value. This assumption seems to be justificd ex- 
perimcntally by the spectrographic observation in 
flame sources of band systems which do not appcar 
rea@1ly 4a other sources an which excitation is by 
clectrical impact. (5) 

The ionization potential of the molccules or 
atoms which can be identificd in flame sources 
are known to be quite high, greater than 10 volts 
or 250 K cal, (29) Thus a large amount of energy 
is necded to produce ions. The most plausible 
source of ions is from Ce and thus we may cxpect 


more ionization in fucls containing carbon. It 


in, 


has also bwien foumd that a considerablo fraction 
of the kinetic energy of impacting lionsis re- 
boained AiLtcor@impace My "tite neutralized atom, tho 
renaiming fract#eneer Hinevic cmemey das delivered 
to the thormocouphesvasmhcat, “Tats lattierm fractdon 
is analogous to the accommodation co-efficient, 
which is recognized in the impact of ordinary gas 
moleculcs agaist a heated sumieice, Por Mons of 
high molecular weight these co-efficicnts appear 
to approach unity. Thus these results imply that 
when ions bombard a thermocouple, mechanical mo- 
mentum is imparted to the thermocouple Go o mmehn 


Larger “cxtventr than herevororenad meer suspectcd, (7) 


According to Compton, the following factors con- 
tribute to tho heating of a thermocouple in an 
fonized gas: (1) the fraction of the incident 

KE of the ion which is delivered to the electrode 
(accommodation co-officient) and (2) the truc heat 
of nowtralization of the femme veencesuraacc, 

Thus there seems to Be Sugid doube that if “the 
tons are present im sufficient mimes, a 21so in 
total temperature would result. However, at this 
time exporiment and theory apmear@vo disfavor a 
large concentration of ions. Although ionization 
potentials are known for many ‘substances, the cal- 
culations of the deceleration in a shock front and 
the resulting onergy is most difficult to calculate. 


Tis is adue to the Bact@hat the thvelkness of the 


12 
snock front, which would” be the distance necessary~ 


LO compute the decclerag#en as most Indehimite. 
Tnemmeacumenent of the degreceol lonizgatvoneineren: 
gas stream would be a definite stop forward in 
detcrmamane Whe validity of this theory, lHowewer, 
this mcasurcment is not without many difficultics 
and no indications have been found of cxperiments 


alveme fais line. 


15-6 


C. “Whe ack of Gquipartition of energy: 

ofmmee It is definitely knoWn that molecules 
possess varying degrees of translational, rotation- 
al and vibrational energy, it is entirely possible 
that these three forms of energy are not in equili- 
brium ateall times, Thus, Ssimce temperavume is 
only a measure of translational energy based on 
the Maxwellian theory of distribution, it is 
possible for a molecule to have more energy than 
temperature would indicate, Therefore, it is 
possible to think of the molecules as having nigher 
vibrational and rotational energy than translational 
energy (not in equilibrium), as it leaves the orifice 
and then to have the shock equalize the energy dis- 
tribution by convertame some of Veme Vibrational and 
rotational energy into translational energy, and thus 


increasing observed total temperature. 


D. The Theory of Unstable Oxides of Nitrogen: 

A possible explanation of temperature rise in 
shock dlamonds is that some unstable oxides of 
nitrogen are formed in the region of shock due to 
the violent deceleration. This cause has been 

»eliminated by Bailey. (1) He burned propane with 
pure oxygen and observed exactly the same phenomenon, 


BE. The After Burning of Carbon Wonoxide: (3) 


In the combustion of ordinary fuels containing 
hydrogen as well as carbon, it is generally agreed 
upon that the combustion of carbon monoxide occurs 


largely through the maintenance of the water gas 


14, 
equilibrium. Also, there appears to exist a 
mechanism by which carbon monoxide and oxygen 
can react to form carbon dioxide. The exact form 
of this mechanism is doubtful, but experimental 


results have shown it to be quite possible, ‘26) 


By use of spectro-analysis it has been found 
that the normal carbon monoxide molecule, which 
must be the final product of combustion regardless 
of the mechanism, is not built up from normal carbon 
monoxide and normal oxygen but from an excited state. 
Thus in the formation of carbon dioxide from the 
Memexide, an electronic transittWon mast occur ast 
Semiemcotaee duming the sreaction. Siace there ae no 
spectroscopic evidence for the presence of elec- 
bwem cally Excited carbon monoxide moloceulés, it 
Sees UNerkely thatene carbon monoxide molecules 
are first activated. ‘herefore, we are left to con- 
clude that the carbon dioxide molecules are formed 
Meio y i a sate which is not the normal electronic 
state of carbon dioxide. Thus the basic assumption 
of this theory is the fact that the carbon dioxide 
molecules are initially formed in an electronically 
exeited state. 

The electronic transition which must ocwmr is 
therefore assumed to occur to this activated carbon 
dioxide molecule. The transition is from the 
excited state of carbon dioxide to the linear sym- 
metrical ground state and is thought to occur either 
through collision or by radiation of the excess 


energy. In any case, the deactivation results in 


ay, 


15. 


tie cambien dlemmde melecule being in a state 

of high vibrational excitation. (Franch-Condon 
principle). This excess vibrational energy may 
persist for as long as 10-* seconds for pure dry 
carbon monoxide, before caquipartition with the 

energy in the other degrees of freedom (heat energy). 
ty she presence of meistime Gm teatal yeremorcculce, 
the oxcess vibrational cnergy will mostiy be lost 

by collision and transtfermed ive Ment in a very 
much shorter tire. However, there is reason to bc« 
lieve that this temporary, Maeve cqriparvition oF 
the energy may lead to aenormaliy high dwssociation 
of the carbon dioxide molecules, There cxists direct 
expcrimental proof that abnorm:.1 dissoclation in ex- 
plosion flames of carbon monoxice burning in air does 
occur, 

It is the dmtcernal ywworeatvonal ecneresy of the 
molecules which governs the amount of dissociation 
and thus, althougon the temperature of a gas as 
normally recorde@wmay begeuch as to expeel a Wem 
small amount of the dissection of carbon diame, 
the efPeetive Vibratlone i eiwperauure May gee Very 
mucn higher and the equilibrium value of the amcant 
of dissoc@aticn® consids aby ietcivet., “ERE Garbo 
dioxide mclocules are believed to dissociate into 
Gd phloem eng em atoms and carbon monoxide molecules 
or into normal oxygen and excited carbon monoxide. 
The recombination of the carbon monoxide and oxygen 


resuit im acer pumnmiag . 


16. 

Thus after burning can be readily explained 
in terms of this abnormal dissociation, for although 
the life of the vibrationally activated molecules 
themselves is probably less than a second, the 
sucCegsmyc dissoelatron and recombinarcien of “blac 
molecules will prolong the combustion process. The 
dieerce of aiter bumaime is directly affected by wae 
pressure, More carbon monoxide and oxygen will com- 
beme in regiows of Hugh epkeeecunc duc to the sire of 
the dissociation equilibrium. 

Tt has been said that presence of a catalyst 
or moisture will deactivate the vibrationally excited 
carbon dioxide molecule more quickly due to collisions 
and therefore it is to be expected that abnormal 
dissociation will not be as great. Thus, for ordinary 
fuels, the after burnireg affect will be less than for 


pure carbon momoxidc. 


ive 


Ge. Measurement of Hiame Tomperature,. (5) 

The measurement of the temperature of a flame 
is one of the least satistactcry of physical measures 
ments. Thais fs -the resure of he ditfiicnuity invde= 
fining a temperature of a fVamnevand also @me Lach What 
there exist many expemamental ataricultics; inva 
combustion process large amounts of energy are 
released and this energy can take several forms. The 
molecule may possess abnormal vibrational energy and 
not be in cous pirtum themerere a mMedasuncicnteon sume 
translational energy would not be a true representation 
of the energy of thesmmoleculen Wiis 1t is evdent 
that a flame temperature may have three possible 
values corresponding to the effective rotational, vie 
brational and translational temperature of the mole= 
cules,  Sikiee repeats is deitinmed as the heat pre 
duced by the translational energy of the molem les, 
assuming a Maxwellian distribution, it is evident that 
temperature as Measured magemov De o bee valuc. 

Flames may contain many chomically reactive bodies 
such as the radicals OH and CH, which may react with 
any surface put in @the = ilamce sucheas 2 Shermecnupl a, 
liberate cnerey and raisc the Gemperature oF Ukic 
thermocouple above that of the flame. The recombina- 
tion on the thermocouple surface of abnormally dis- 
sociated molecules will also affect the observed 


temperature. 


Ve 

The thermocouple loses heat by radiation, the 
correction for Which is FPagmer UWeceteeain, if ales 
loses heat by conduction into the cooler supporting 
leads, but this loss is so small @m comparison to 
Others that It may be neglected@ In high velocity 
measurement corrections are required for the cooling 
affoct, (1) Meals latter effect Anvolvyes the face that 
total temperature exists only at the nose of the 
thermocouple and the sides will come into equilibrium 
Nt a temperature above the static temperature. Thus 
the thermocouple will indicate a value less than true 
total temperature. 

Maem tac above, it is ovident that, gqualitavevel,, 
the values obtained by the use of thermocouples is 
indeed of doubtful reliability. Fortunatoly, hewever, 
tid report Bs primarily concerned with temperature 
comparison rather than exact values. Aithcugh It 
is of importance to consider the thermocouple limita- 
tions when interpreting results, it is felt that 
thermocouples are sufficiently accurate to indicate 


temperature trends. 


dis 


RESULTS 


The following experimental runs are included in this 


report: 
Buener 
Fig. No. Pressure Ratio(Po3/Pa) Orifice Fuel Tomp.°F Remarks 
1&2 2.85 .6" Kerosene 790 (1) 
S Zego of" : LOO2 (2) 
aie 5 2.93 Ae is 145¢C (oe 
a 2699 4" Hydrogen 990 (4) 
4 & 6 2,99 04" . 1460 (5) 
2A 1.64 7" Kerosene 790 (6) 
(1) Total temperature, total pressure, and static pressure 
traverses made. 
(2) Total temperature traverse only. 
(3) Total temperature and static pressuro traverse made. 
(4) Total temperature traverse only. 
(S) Total temperature and total pressure traverses made. 
(6) Total temperature traverse only. 


Figure (1) vorifics previous reports as it is readily 
seen that when a gas flows=threuch an orifiec uwmder a seca 
Yobio greater than that requaredyto produce seme veloeumg 
the sudden adjustment of the gas pressure produces a2 varieuy 
of angle shock patterns. The pressure traverses also indicate 
that the first angle compression shock originates from the 
jot boundary. Figure (2) indicates that a total tempcrature 
rise occurs in the region of high pressure in back of the 
shock waves. Each "hump" in the temperature curve agrecs 
exactly with the position of the shock diamond, This same 
result was observed for varying pressure ratios of 3.0 to 129 
with burner tempcratures of 2OO°F to 1450°F, using kerosene 
as fuel. Figure (2A) is the total temperature traverse at 
the same burner temperature as in figure (2) but at a pressure 


ratio of £.64. dhe variations of total temperature are slight, 


206 
approaching the magnitude of potentiometer fluxuations. 

The apparent rise in the total temperature curve as 
distence Irom ordrsco increases is due to two causcean Mirsty 
the thermocouple was placed in the ccnter of the orifice at 
Zero position, which was later found not to be the hottest 
portion of the gas stream. Socond, the traverse was not 
parallel to the stream. This combination resulted in the thermo- 
couple reading lower than the maximum temperature at zero 
distamec gad reading higher temperatures as it traweicd 
across the stream into regior of higher temperature as the 
traverse progressed. 

This revclation was quite surprising but was traced 
back to the burner liner which was not centered in the burner. 
This latter fact caused the inlet air to be unevenly dis- 
tributed about the burning zone, and shifted the hot portion 
of the flame off center, All other temperature readings in 
this report were taken in the hottest pation of the exhaust 
gas streame 

Tt ts to be noted that the total temperature in figure 
(2) drops off sharply at d «= 2.4"which as seen on figure (1) 
is the position of the last major shock, This is typical of 
411 experimental runs using kerosene, and indicates the in- 
fluence of shocks on total temperature increases, Comparing 
the amount of temperature increase to the strength of the 
shocks in figures (1) and (2), a definite relationship between 
the two is indicated. 

| Experimmtal results indicate that the attempt to obtain 


comple te combustion was successful. The gas stream for both 


Cle 


the combustion of kerosene and hydrogen was not visible 
except im a @arkened room. Under the latter conditions tite 
kerosene exhaust was characterized by a bright ycllow color, 
The regions of high pressure, that is the shock diamonds, 
were distinctly outlined as the brightness was more intense, 
Five to seven shock diamonds were distinctly visibie. The 
hydrogen exhaust however, was identified by a pale blue stream, 
The shock diamonds were barely visible, the color being a 
slightly decper blw. The insertion of the thermocouple in 
the exhaust stream, under the darkened condition above, did 
now affect the color of “tme tileme for catnee hydrogen oz 
kerosene. if the combust#on of the original Mydrocarvons was 
taking place, the insertion of the thermocouple would most 
certainly accentuate the combustion in the immediate region 
and affect the color of the flame, 

It was observed on all Puns with kerosene, in which 
total temperature traverses were taken out to a distance of 
4.0" from the orifice, that a sharp break occurred in the 
temperature curve in the interwal between 2.5" and 3.0". It 
is believed that the existence of incomplete combustion in 
the gas stream would result in a more gradual decrease of 
total temperature, Throughout all runs, thermocouple readings 
indicated a temperature drop in the burner extension, 

Under conditions of high pressure ratio, that as mater 
burner pressure, the combustion would tend to become more 
complete. However, this condition in general, resulted gn 
a greater total temperature increase in the shock diamonds, 


However, ig is realtized that ‘the above results are not 





oan 


positive proof of complete burning, but only tend to contirm 
the attempts to complete combustion insofar as possible. It 
is thought that the affects of incomplete combustion in the 
gas stream, if at all present, are slight and may be neglected, 
Figure (3) compares the gas stream total temperature 
resulting from the combustion of kerosene and of hydrogen, 
Hao Kerosene curve is typical of many runs, cxhibitineg tre 
total temperature increase in the shock diamonds. However, 
the hydrogen curve is almost flat, the variations are negligible, 
being no larger than the normal potentiometer fluxuations en- 
countered. Figure (4) is the comparison of the same fuels 
at a different burner temperature, It 1s seen that the same 
result occurs. In both of the above comparisons, the same 
pressure ratio of 2.9 was uscd. Figure (5) shows the static 
pressure traverse for the kerosene run and figure (6) shows 
the total pressure traverse for the hydrogen run. These 
traverses verify the fact that shock diamonds were being formed 
ducingwawaose particular runs. EBatley*s cxperimcents verify 
the above results. He burned a mixture of hydrogen and air, 
and observed no temperature increases in the shock diamonds. 
These results indicate that the type of fuel undoubtedly 
Diaws a Maer pant in total temperature increase im shock 
diamonds@ Of course, the major diffcrence in the aboveriuels 
is that kerosene contains carbon and hydrogen does not. Thus 
the discrepancy can be very well explained by the theory of 
the aftcr burning of carbon monoxide. Mhe decrease in total 
tomperature before the shock diamond is cncountered, as shown 


in figure (3) for kerosene, is typical of all runs with this 


oOe@ 


fuel, As outlined previously, recombination of carbon 
monokide and oxygen will be accentuated in regtons of high 
pressure and decreased im reghons of low pressureg Since the 
pressurc drops as the velocity increases approaching the 
first shock, this theory *wewld predict o drop in total tem 
perature, Since the pressure is increased in the diamond, 
one should expect a total temperature rise. <A Minor con- 
tribution to the above decrease in temperature is the cooling 
affect on the thermocouple when in high velocity flow. In 
fact, the slight variation of the hydrogen curves may be a 
result of this cooling affect. The re-occurrence of this 
temperature rise in each succeeding shock can be cxplained 
by the fact that the successivo dissociation and recombina- 
tion of the molecules will prolong the combustion process. 
It is also possible that the violent acccolerations and do- 
cclerations aid in the above dissociations. It has bccn shown 
in figures (1) and (2) that the greater the intensity of the 
shock the greater the temperature rise. This rcsult is ex~ 
pected as the greater the pressuly, the more carbon monoxide 
and oxygen will combine and thus a higher total tenperaturc, 
Temperature increases of 100 to 150 degrees in shock 
diamonds have becn observed in previous reports (1) (2), at 
pressure ratio of three, here as experiments containcd Mm 
thas repor& show a smaller Imerease of 45 toms dadcereces, 
However, since the presence of impurities or moisture greatly 
reduces the abnormal dissociation of the carbon dioxide, this 
variation is to be expected. it is entirely possible that 


the kerosene and inlet air used in previous experiments 


Ck 


contained less impurities and moisture, Also the burner 
temperatures in above reports were in the vicinity of 2400 
to 3000°R which would increase considerably the degree of 
dissociation, 

In figures (3) and (4), referring to the kerosene runs, 


the temperature of the gas stream at the orifice is 10249p pon 


a burner temperature of 1002°F and is 1632°F for a burner 
temperature of 1450°F, The hydrogen curves, although below 
the burner tempcrature are seen to approach the latter as 
burner temperature is increased from l002°F to 1450°F, ‘The 
Cmpleneieon of this is not readily apparent, IG appears 

to be a result of incomplete combustion but experimental re- 
sults have shown the combustion to be very nearly complete 

tf nNeemcimrely compicte, Aiter burning ceuld hardly explain 
4G, €&S there appears to be more after burning for the burner 
temperature of 1002°F than for the run at 1450°0F,, as shown 
by the relative temperature increase in the shock diamond. 
Hydrogen exhibits the same tendency which is even more diffi- 
cult to connect with incomplete combustion and after burning. 
It would secm more plausible that the burner temperature is 
incorrect. It has been shown that the hottest portion of the 
flame varied in the gas stream. It is then logical that it 
will also vary in the burner. Since the thermocouples in 
the burner were fixed in the center of the burner, it fs 
possible that the recorded temperature was low. Bailey re- 
ported instances of the gas stream temperature being up to 
1000 degrecs greater than burner temperature. Burner tem- 


peratures in these experiments were calculated from accurate 


ave 


heat balances, however no thermocouple readings were 

taken in the burner to verify the heat balance results, 
nesuming the burner tempcramures were correct, this phenmo- 
menon defics all present day theortcs, 

Potcntiometer fluxuations in the gas stream were of 
largor magnitude when burning kerosene, than when burning 
hydrogen, However, the burner temperature fluxuations were 
small and of the same magnitude for both kerosene and hy- 
drogen. This could indicate that some form of activity is 
occurring in the korosene cxnaust stream, conforming to the 
wepcr bubnine tThcory, 

It has been mentioned that the kcrosene exhaust stream 
was charactcrized by a bright yellow glow, the intcnsity 
of which was much grceatcr in the shock diamonds, That this 
couldewell be the after burning of Carbon monoxide has bcen 
dcfinitcly indicated by the experiments of Withrow and Ross- 
weiler. (3) They uscd a stroboscopic mcthod which cnabled 
them to study the spectrum of the I¥ehnt eniltted from tie 
combustion chamber of an internal combustion enginc, at vay 
stage during the charge. Ordinary photographs revealed that 
thore was a marked rc-illumination of the gases through 
which the flame had passed, this occurring during the pressure 
rise, accompanying "the rapid bueining of Senc lactam ot 
the charge. Spectrographs were taken of the flame fremt 
and of this so-called after glow, The after glow of all the 
organic fuels studied showcd only the carbon monoxide flame 
spectrum and the OH bands. The CH and C2 bands which charact~ 
erized the flame front were not present In the after glom 


This indicates that the light emitted after the flame has 
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passed through the charge is not duc to oxidation of the 
original hydrocarbons. 

The above after glow is analagous to that found in 
kerosene exhaust gases, the regions of high pressure accent- 
uating the combustion of carbon monoxide and oxygen, rpsult- 
ing in a more pronounced after glow. 

The cxhaust gases of the hydrogen cxhibitcd no after 
glow which is, of course, predic ted by the carbon monoxide 
theory. The slizhtly deeper blue color in the shock dia- 
monds can readily be explained. Since the pressurc in the 
shock diamonds is grcater than that in the surrounding 
vicinity, the density is also greater, thus a greater degree 
of Yacation, 

Peto Of @interesteto note that Bailey reported the hin 
pressure shock diamonds wore usually visible, but instances 
occurred, under apparently the same conditions, when the 
diamonds were not visible or barely so. This would indicate 
a hidden vartable, most likely concerned with the composition 
of the combustion mixture, This can be explained by the 
carbon monoxide theory. It has been shown that moisture and 
inioMmeeaos exort a great gnidduence, ard a barge deemease In 
the amount of aftor burning, Therefore, any appreciable 
change in the physical propertics of the combustion mixture 
could account for the disappearance of the visible shock 
diamonds. 

Table I contains a compulation of the rcsults obtained 
with various pressure ratios and burner tempcraturcs. In 


goneral it is seon that greater prossure ratios @cesult in 


ale 


greater temperature increases, as indicated by figure (7). 
The Lattor is true for burner tempcrature from 800 ~- 1450°FR, 
Hm is scen at lower oulrmcr tcmporaturec, pressurc ravio appcara 
Gounave littlo er"no cifect, the magnitude of tempcrature 
inercases is approaching the potentiometer fluxuation, 

at highcr pressure ratios the total temperature increase 
is expected to be greater than for lower pressure ratios in 
accordance with the carbon monoxide theory. Since the abd- 
normal dissociation would be greatcr at higher temperature, 
the theory predicts greatcr temperature increases for higher 
Dimmer temperature. Negatieecmpm has Deen miade tomcrri ye the 
latter statement duc to insufficient experimental results, 
However, figure 7 indicates a tend in the right direction. 
The spread of points seen in figure 7 could be the result 
of two factors, the burner temperature variation, and the 
possibility of varying physical and chemical propertics of 
the combustion mixturc. 

Comparing figures @eand 2ageit is scem that for tke 
latter the total temperature at the orifice is lower than 
for the former, voth at the same burner tempcrature. ~emimee 
the burner pressure is much 1lcss for a pre@sure ratio one 
the rate of recombination of carbon monoxide and oxygen is 
less, rosulting “in lower tcmwal tCemperaom Gc, 

The results of this report throw very little Iventeoen 
the theory of ionization. Since it is known that hydro- 
cambon fuels ame more likely tevlonmize than arco meadyogen 
fucls, Llonization could possibly play a part in the obscrved 
results. Due to lack of fundamental knowledge of ionization 


in a high velocity gas stream, the theory seems todo no-ithr 
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proved or disproved. It ds fcolt that tlonization could 


at least play a minor role in producing total tomporature 
increase in shock diamonds. However, until mre dircct 
evidence Is available, this can only be a speculation, 

Tho lack of cquipartition of energy theory appcars 
to break down because of two considerations. First, it scems 
more logical that a shock would tend to place the molecule 
further from equilibrium, thus lower the translational 
cnergy and the total temperature, The secnnd, which ts 
more convincing involves the relaxation time of a molecule, 
The relaxation timc is defined as the time intorval required 
fOumere COnVersion of vibrational cnemgy into thermal or 
translational energy. In other words, the tinc for a mole- 
Cubeeve reach ogquilibrium., The actual time has becn cale 
culated; it will of course vary for different molveculcs 
and for the conditions which exist, However, it is fairly 
well agmeed upon that the required time lies potwoon 1078 
and 10715 seconds. It can be shown that the timo required 
for a motecume to reach the first shock is of the order of 
2x 107° secs. The latter is bascd on experincntal results, 
witch Aiieemetitc that a divstanco of 5) Maerequircd before 
the appearance of the first diamond. The mach nunber used 
in thie catlewmlatieons was that of the stream just bcfore hitting 
the shoek, thus its grcatost valuc. it is apparent that 
2 x 107° seconds is the shortest possible time,the actual 
tine no doubt being of greater duration. However, using 
this figure, 1t is readily seen that the molccule will al- 


ready be in equilibrium before it reaches the shock diamond. 


aoe 


Thus any increase in translational energy and therefore 
toval temnperavure snewrd fave occurred before rcaching 
the shock, 

ineconclusioneit may be Said that the alter burning 
of carbon monoxide is the most likely of the prescntecd 
tneories which can explain the Increased total tempcratune 
found to cxist in shock diamonds. In view of the meagor 
experimental ovidenee conducted in this rich to date, It 
must be admitted that donization amd aftcr durning arc sive 
peossibititnes, @in fact, the Amminaemce ol the above theese 
theories cewlid well be conisiinedmeo Pirecduicc the observce 


phenomenon. 


CONCLUSIONS 


When a gas flows through an orifice under ao pressure 
ratio greater than that needed to produce sonic velocity, 
the sudden adjustment of the gas pressure to the lower 
back pressure produces a variety of angle shock patterns, 
When these shock patterns occur in high tempcraturec products 
Cfeterosene-air combustion, total temperature increases in 
the regions of high pressure, e.g. behind the shock wave. 
Wacn these shock patterns exist in high temperature products 
of hydrogen-air combustion, total temperature docs not 
ineress0. 

These results indicate that the after burning of 
carbon monoxide is the most plausiblo explanation of the 
shock diamond phenomenon and that further investigation of 
this theory should definitely be conducted. Incomplete 
combustion and ionization are possible but not probable 
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te 
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RECOMMENDATIONS 


Conduct an investigation to determine the spcctro 


character of the region within the shock diamond. 


Ths” Lt couldebpo derinitely devermiincawm tho an— 
creased total temperature is due to after burning 
of Cambpenemcnoxide om combustaen of orleinal hyao— 
carbons. | 

Conduct an investigation to determine the degree 
of tonization in a high velocity cxhaust gas 
strcam containing shock diamonds. 

Conduct an investigation into the problem of gas 
stream temperature measurements which are of 
greater value than the burner tomperature, an 
accurate mcthod of determining burner temperature 


would be a necessary requisite. 
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TABLE NO. 1 


TOTAL AND STATIC PRESSURE TRAVERSE 
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Orifice in Inches Gage 
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4.0 9.45 
Pl = 60" He. gage 


Ple = 2,95" He, 


P25 = 1.10" Hg. 
P4 Correction Factor @ 


P4 


DATA FOR FIGURE NO, 1 
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TABLE NO, 2 
TOTAL TEMPERATURE TRAVERSE 
DATA FOR FIGURE 2 
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TABLE 2a 
TOTAL TEMPERATURE TRAVERSE 
DATA FOR FIGURE 24 
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TaBLE No. 3 
TOTAL TEMPERATURE TRAVERSE 


DATA FOR FIGURE No. 3 
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TABLE NO, 4 
TOTAL TEMPERATURE TRAVEKSE 


DATA FOR FIGURE NO, 4 
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TABLE NO. 5 
STATIC PRESSURE TRAVERSE 


DATA FOR FIGURE NO, 5 
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TABLE NO, 6 
TOTAL PRESSURE TRAVERSE 
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TOTAL TEMPERATURE VARIATION 
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To BLS. s total temperature just before first shock, 
To AsS. = total temperature just after first shock, 
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SAMPLE CALCULATIONS 


A, Calculation of time required for a molecule 
to travel frém ofitfice to first shock diamond: 


1. tlach number of stream just before first shock. 


PoS = 60 - 4.05 4 30.4 = 86.35" Hg abs. 
P4 (Just before first shock) = 22" Hg abs, 


Po3 / 
7 Pee 






[Po 
Cale | Assume Reversibility (26) 
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a= 555/436 | ASSUMC Y= 1,36 


a ee J, 553 
2, Calculation of “aime Tegmvmee Wsime Macc valane 


OF Ne D? mT e SOM IACO ee Neen 
= faye Fro hy Ker Cae) 


Ne et ee ee 
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cee genres 


Vy = 215 | 4,36 ice ass ee x / 2 cle 


Vy. = L785 12, B00, O@O =£130 oe 


Vy = 725 ae INCHES fe ze, 
From Bue. (2)9dietance = .5 Im, 


-¢. distance ~ 35 4n, : ‘ 
ae ie |e a =- 1.95 10- 2 
velocity 25,600 in/sec See, SEC. 


B. Since the values of P41 fell below atmospheric 
pressure it was necessary to convert the 
conventioral straight 60" Hg. gage manomcter 

into a modified U tube as shown. 
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4 
1, @agalculations necessary to correct manometer @ 


meadings. 
i case (a): - 4 
gu? 
P4 (gage, uncorrected) = 5,0" He, Pa = 30,0 "Hg 
9.2" He. - Correction factor 


2 (9.2 = nO} 2 ee Ae? - 8.4 
8.4" He, is the actual amount which the at- 
mospheric pressure is greater, 
P4 (absolute, corrected) = 30,0 -8.4 = 21,6"Hg 


case (b): ~ 
P4 (gage, uncorrected) = 12.0" He. 


poe - o.2)ee 5.6" ae, 
., P& (absolute, corrected) = 30.0 4 5.6 = 35,6" He. 


Case (c): - 
P4 (gage, uncorrected) = 30.0" dg. 


Pt (absolute, corrected) = 30.0 / 30.0 = 6" Hg 


For any reading greater than 18.4, it is only 
necessary to add the atmospheric pressure to obtain 


P4 absolute, corrected, 
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le Fuel (kerosene) tank and scale. 
Ze Fuel £AEGe 

Se Fuel inlet. 

4. Fuel valvee 

Se Fuel pump. 
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4e ee burner tipe 
5 Fitting to secure and center burner 
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